The adsorption of (S)-lysine onto submonolayer coverages of Ni on Au{111} was investigated by scanning tunnelling microscopy and reflection absorption infrared spectroscopy. Arrays of two-dimensional Ni nanoclusters were prepared on the Au{111} surface. The sticking probability of (S)-lysine was found to increase by an order of magnitude on Au surfaces templated by Ni compared to the clean Au surface. (S)-lysine corrodes Ni from the edges of clusters forming nickel lysinate complexes which self-assemble to form ordered molecular arrays. Below a threshold coverage, the Ni clusters are completely destroyed by (S)-lysine adsorption. Under these conditions, extensive restructuring of the Au steps is observed. The implications of our work for understanding the role of chiral modifiers in Ni catalysed enantioselective catalysis are discussed.
Introduction
Understanding the interaction of biological molecules such as amino acids with surfaces is of fundamental interest in areas such as the development of biosensors [1] and in the design of biocompatible materials [2] . In addition, as inexpensive, readily available chiral molecules, amino acids have attracted considerable interest as chiral modifiers in enantioselective catalysis. Ni catalysts modified by the adsorption of amino acids from solution have been shown to be effective catalysts for the enantioselective hydrogenation of β-ketoesters [3] . This class of reactions and the enantioselective hydrogenation of α-ketoesters over Pt [4] are two of the most extensively studied examples of heterogeneous enantioselective catalysts. In each case, the ability of the metal surface to allow the selective creation of one enantiomeric product is thought to be associated with the establishment of control over the adsorption geometry of the prochiral molecule such that one enantiotopic face of the reactant adsorbs on the surface in preference to the other allowing coadsorbed hydrogen atoms to attack the C_O bond from beneath the bond resulting in the formation of exclusively one type of chiral centre. On an achiral surface, the adsorption energy of each enantiotopic face will be identical, so hydrogenation yields a racemic mixture of products. It is widely believed that the adsorption of the chiral modifier provides a docking site for the pro-chiral reagent favouring the adsorption of one enantiotopic face [4] . McFadden et al. [5] demonstrated that high Miller index faces of face centred cubic (fcc) metals can often exist as two forms which are non-superimposable mirror images if kink sites are adjacent to steps with different lengths. A means of classifying such surfaces as R or S depending on the spatial configuration of the steps adjacent to kink sites was established [5] . For example, the step-kink atomic arrangements on an fcc{643} R surface are the mirror image of those on the fcc {643} S surface [5] . A number of studies have demonstrated differences in adsorption energy of two enantiomers on two mirror-equivalent chiral surfaces [6] [7] [8] . On a typical metal nanoparticle, in the absence of any chiral influence, a racemic mixture of chiral step kink arrangements would be anticipated on statistical grounds. However, if for instance, a chiral modifier selectively blocks one type of step-kink site or, more pertinent to this study, the chiral modifier reconstructs the surface metal atoms into a chiral arrangement, the step-kink sites could contribute significantly to the enantioselectivity of the catalyst. For example, we have shown that the modification conditions that produce the most enantioselective (S)-aspartic acid modified Ni catalyst [9] , result in modifier coverages on the metal surface that are below detection limits of X-ray photoelectron spectroscopy (XPS) [10] and reflection absorption infrared spectroscopy (RAIRS) [11] . It has been proposed that extracted Ni amino acid complexes may give rise to enantioselective catalysis either on the surface of remaining Ni or even in solution [3] . We noted that as Ni catalysts are routinely washed after the modification step, the implication of having no remaining adsorbed aspartate species leads to the conclusion that residual chiral arrangements of Ni atoms contribute to the enantioselectivity of Ni-based catalysts [10, 11] . In this study, we investigate the adsorption of (S)-lysine onto surfaces consisting of sub-monolayer coverages of Ni on Au{111}. We use scanning tunnelling microscopy (STM); RAIRS and temperature programmed desorption (TPD) to investigate the adsorption of (S)-lysine as functions of Ni coverage and adsorption temperature. As was originally demonstrated by Chambliss et al. [12] , Ni nucleates into the elbows of the Au{111} herringbone reconstruction [13] giving nanoSurface Science 629 (2014) 102-107 sized two-dimensional (2D) clusters of Ni atoms. We have previously shown that the adsorption of (S)-glutamic acid causes the corrosion of Ni clusters and the formation of 1D chains of nickel pyroglutamate [14] . Zhao demonstrated that the adsorption of (S)-lysine onto the achiral Cu{001} surface resulted in the faceting of the surface such that {3 1 17} R type facets were favoured over the mirror equivalent facets [15] .
Recent studies by Gellman on {3 1 17} R and {3 1 17} S surfaces displayed an energetic preference for (S)-lysine adsorption on the {3 1 17} R surface consistent with the earlier conclusions of Zhao [15] . In addition, we demonstrated that (S)-lysine can etch the Au{111} surface leading to the formation of Au nanofingers [16] . In this study, we show that adsorption of (S)-lysine onto Ni/Au{111} causes extensive etching of Ni and the formation of chiral assemblies of nickel (S)-lysinate complexes. The extent of etching is shown to be dependent on the initial size of Ni clusters. At low Ni coverage, etching completely destroys the Ni clusters and significant restructuring of Ni steps is observed.
Experimental details
Reflection absorption infrared spectroscopy (RAIRS) and scanning tunnelling microscopy (STM) experiments were conducted under ultrahigh vacuum (UHV) conditions in an Omicron variable-temperature STM system with a base pressure of 1 × 10 −10 mbar, which also has facilities for sample cleaning via argon ion bombardment and characterization via low-energy electron diffraction (LEED). A Nicolet Nexus 860 FTIR spectrometer was used to acquire RAIRS data (512 scans at a resolution of 4 cm
) using a mercury cadmium telluride (MCT) detector cooled by liquid nitrogen. The angles of incidence and reflection of the IR beam are each approximately 8°from the surface plane. A background spectrum of the Ni/Au{111} surface was taken prior to exposure to (S)-lysine (NH 2 ·(CH 2 ) 4 ·NH 2 CHCOOH) (N 98% Sigma). All STM experiments were acquired in constant-current mode using an electrochemically etched W tip. STM topographic images were processed using WSxM software [17] . In all experiments, the Au{111} sample was cleaned by cycles of ion sputtering (Ar + , 0.9 kV, sample 8 μA) and annealing to 873 K until the LEED pattern characteristic of the Au{111}-(√3 × 22) herringbone reconstruction was obtained [13] . Ni deposition was achieved by resistively heating a W filament around which a Ni wire had been wound. The Ni deposition rate was calibrated via STM by monitoring the size of the 2-D Ni clusters that nucleate into elbows of the herringbone reconstruction [12] . Ni coverages are reported in monolayers (ML) where 1 ML of Ni corresponds to one Ni atom for every surface Au atom. The prepared Ni/Au{111} surface was then exposed to (S)-lysine via sublimation from a solid doser. The temperature of lysine was monitored via a thermocouple and was maintained at 410 K for all experiments. Fig. 1a displays the RAIR spectra following the adsorption of (S)-lysine on 0.5 ML Ni on Au{111} at 300 K. Fig. 1b and c shows RAIRS data following analogous experiments on Au{111} and Ni{111}.
Results and discussion

Reflection absorption infrared spectroscopy (RAIRS)
There are close similarities between the RAIR spectra acquired from Ni{111} and 0.5 ML Ni/Au{111} surfaces. By contrast, a similar lysine dose on Au{111} results in much weaker absorption bands and significant differences in the positions of the observed absorption bands. The sticking probability of lysine on Ni is an order of magnitude higher than on Au indicating that initial adsorption on the 0.5 ML Ni/Au{111} surface is dominated by adsorption on the Ni clusters.
On 0.5 ML Ni/Au{111} at low lysine exposure, bands are observed at 2933, 2871, 1643, 1616, 1578, 1469, 1414 and 1338 cm . With increasing exposure, these bands increase in relative intensity and additional bands are observed at 3178, 1508, 1367, 1250, 1184 and 1157 cm −1 .
The behaviour on Ni{111} is very similar. On Au{111}, fewer bands are observed with the main features at 2927, 2871, 1604 (a relatively broad feature) and 1396 cm −1 . Using previous investigations by Humblot et al. [18] [19] [20] and Stewart and Fredericks [21] , band assignments are presented in Table 1 . As is generally the case with FTIR studies of adsorbed amino acids, a key aim is to establish the charge state of the amino acid. The lack of a band in the 1700-1750 cm −1 range under any conditions signifies that the carboxylic acid functional group is deprotonated at all coverages and on all three surfaces. This is confirmed by the presence of bands which may be assigned to the symmetric (1395-1415 cm
) and asymmetric (1570-1580 cm
) stretches of the carboxylate functionality. At high lysine exposure, the RAIR spectra are rather similar to those presented by Humblot et al. following the adsorption of (S)-lysine onto Cu{110} [18] . On Ni{111} and on 0.5 ML Ni on Au{111}, the existence of a band in the 1640-1670 cm − 1 range (δ as (NH 3 + )) at low coverage is indicative of initial adsorption in the zwitterionic form as has been observed following amino acid adsorption on Ni [22] and Pd [23] surfaces. As the coverage is increased, these bands become relatively less intense compared to the δ asym (NH 2 ) which appears in the 1605-1620 cm − 1 range. Since (S)-lysine contains two amine functionalities, the increase in relative intensity of the δ asym (NH 2 ) band may be associated with a reorientation of the terminal amine group while the zwitterionic form of the amino acid is retained through to the multilayer. By application of the metal surface dipole selection rule, the fact that the symmetric and asymmetric OCO stretching modes are each observed as relatively intense bands implies that the two O atoms of the carboxylate are not equidistant from the surfacei.e. in contrast to the most common adsorption geometry of amino acids on metal surfaces such as copper [24] . The band at 3178 cm −1 is characteristic of amino acids involved in H-bonding interactions usually following multilayer growth at 300 K [18] . The appearance of this band at~600-900 s for (S)-lysine adsorption on Ni{111} is indicative that this exposure time corresponds to the onset of multilayer formation. The fact that the interaction of lysine with Au is relatively weak leads to intermolecular interactions dominating the ordering process [16] . This is likely to force the carboxylate group to be close to planar to the surface which, by application of the surface dipole selection rule, would be an additional factor accounting for the relatively weak intensity of absorption bands.
Scanning tunnelling microscopy (STM)
3.2.1. (S)-lysine on 0.5 ML Ni/Au{111}
Fig. 2b-d shows STM images after a 0.50 ± 0.05 ML Ni on Au{111} surface (Fig. 2a) is exposed to a 30 s dose of (S)-lysine at 300 K. Analysis of cluster sizes and the overall area occupied by the clusters reveals that, after exposure to lysine, the cluster area decreased to 0.32 ± 0.05 ML and the cluster shapes are strongly corroded in comparison to the typical hexagonal shape of the as-deposited metallic clusters [12] . Molecular species are observed both between and on top of the residual Ni clusters (Fig. 2b-c) . On top of the clusters, the molecular features exhibit no clear long range order. In contrast, the regions between the Ni clusters are covered in highly ordered arrays of molecular features ( Fig. 2c-d) . Under similar (S)-lysine dosing conditions, extensive arrays of ordered molecular features are not observed on Au{111} [16] . On Au {111}, when imaging at 300 K, small islands of ordered molecular arrangements are observed but the vast majority of the surface contains no evidence of self-assembled arrays [16] . The change in Ni cluster size coupled with the creation of densely packed molecular islands provides a strong indication that (S)-lysine has etched some Ni from the metallic particles to create lysine coordinated Ni species which are able to disperse across the surface and self-assemble into ordered arrangements. The formation of metal organic species at surfaces via analogous processes has been widely reported [25, 26] . For example, metal organic coordination networks on surfaces have been identified based on the interaction of metal ions with carboxylates [27, 28] , nitriles [29] , isocyanides [30, 31] and imides [32, 33] .
At 300 K, the most common structure exhibits a pseudo-hexagonal arrangement of molecular features. One direction of molecular alignment has a repeat spacing of 8.9 Å at an angle of~135°to the 11 2 À Â Ã direction (Fig. 2d) . Molecules are also aligned with a spacing of 7.6 Å with an angle between the two directions of~120°. These dimensions are consistent with a commensurate unit cell of b7 −2 | 1 2N as shown in Fig. 2f . This unit cell has dimensions of 18.0 Å × 7.6 Å suggesting that the long dimension of the unit cell contains two molecular features in inequivalent sites. We have no direct evidence (for example from low energy electron diffraction) that a commensurate overlayer has been formed. However, the identification of well-defined rotational domains suggests that the growth directions of the molecular domains are strongly influenced by the substrate. Hence we searched for commensurate unit cells that were consistent (within the error margin associated with thermal drift etc.) with the dimensions and directions of the molecular features observed by STM. For an achiral adsorbate, one would expect to observe reflectionally equivalent domains. However, the chirality of the (S)-lysine adsorbate would lead to different 
Table 1
Assignments of RAIRS bands of (S)-lysine on 0.5 ML Ni on Au{111} following adsorption of lysine at 300 K. Bands are compared with data acquired on Au{111} and Ni{111}.
(S)-lysine on Ni{111} (S)-lysine on Au{111} (S)-lysine on 0. intermolecular interactions if the adsorbate were forced to adopt the mirror equivalent arrangement. We were unable to find examples of reflectionally equivalent unit cells. Interestingly, we found a strong tendency in a given domain of the herringbone reconstruction for a single rotational domain of the ordered structure to be identified while in the adjacent region of the herringbone reconstruction a different rotational domain was observed. The herringbone reconstruction was found to have a similar influence on the growth directions of 1D chains of nickel pyroglutamate on Au{111} [34] . The unit cell is similar in dimensions to, but distinguishable from that observed in small islands of order for lysine on Au{111} [16] . In the lysine/Au case a unit cell was identified giving a b5 0 | 1 3N structure [16] . In the lysine/Ni/Au{111} case, the coverage of molecular features is 2 molecules per 16 Au atoms (θ = 0.125 ML) compared to a coverage of 2 molecules for every 15 Au atoms (θ = 0.133 ML) in the lysine/Au system [16] . Bearing in mind the decrease in Ni cluster area following lysine adsorption, we conclude that the structure observed consists of self-assembled Ni(lysinate) 2 species (Fig. 2e) . The amount of extracted Ni included in the ordered arrays would be 0.063 ML. The quantity of Ni contained within these structures is of a similar order to the amount of Ni etched from the Ni clusters in the initial adsorption process. The propensity of lysine to etch Ni has been previously observed in an infrared study of lysine adsorbed onto several transition metal cation-substituted montmorillonites, including Ni [35] . Do Jang and Condrate concluded that two lysinate species co-ordinated to a Ni 2+ ion via the N and one O atom of the amino acid functionalities forming a square planar complex but were unable to distinguish the absolute configuration of the N and O atoms around the central ion [35] . In our case, the presence of the surface allows us to conclude that the N atoms are positioned on opposite sides of the Ni ion in order to ensure that the C\H bond of the chiral centre points towards the surface. As shown in Fig. 2f , the ordered structure can be explained by the stacking of such complexes. The driving force for this particular structure seems to be the ability to form N\H-N hydrogen bonds between the terminal amine groups of adjacent complexes. The functional groups in the proposed structure are close to parallel to the Au{111} surface and so, by the application of the metal-surface dipole selection rule, one would expect weak intensities of bands associated with the vibrational modes of these groups. The RAIR spectrum would be dominated by the adsorption of lysine on the residual Ni clusters and would be expected to resemble the spectrum of lysine on Ni{111} -as is observed (Fig. 1) . At room temperature, small islands of a second ordered structure were observed. Following annealing to 350 K, this structure became significantly more widespread on the surface suggesting that its formation may be thermodynamically favoured but kinetically restricted (Fig. 3a) . A unit cell containing 4 molecular features can be identified (Fig. 3b) . The unit cell possesses a hexagonal structure with unit vectors of dimension 15.3 Å consistent with a commensurate b6 −2 | 2 4N arrangement. Each unit cell contains 28 Au atoms giving a molecular coverage of θ = 0.14 ML. As with the b7 − 2 | 1 2N structure, we conclude that the fundamental building block is a Ni(lysinate) 2 species such that each unit cell contains two side by side complexes giving rise to the four molecular features. The b6 −2 | 2 4N structure possesses a slightly higher density than the b7 −2 | 1 2N structure. The slightly compressed unit cell no longer allows an N\H-N hydrogen bond between the terminal NH 2 groups with the alkyl chain parallel to the surface (Fig. 3c) . We conclude that the alkyl chains and their terminal NH 2 groups are likely to be rotated out of the surface plane in the b 6 −2 | 2 4N structure (Fig. 3d) . This reorientation could be the reason for the relative increase in intensity of the δ asym (NH 2 ) band in the RAIR spectrum with increasing lysine coverage. The apparent pairing of adjacent complexes may be caused by intermolecular interactions involving the NH 2 groups. This intramolecular transformation may be kinetically limited and explain why the structure is not observed widely at 300 K. We considered the possibility that the increase in molecular density could be explained by (S)-lysine undergoing a thermally induced internal cyclisation to a cyclic lactam. We reported the thermally induced transformation from glutamate to pyroglutamate in the analogous study of glutamic acid on Ni/Au{111} [14] . The thermal condensation of lysine has been found not to follow a typical peptide preparation pathway; instead the N-terminus is blocked by the formation of a cyclic lactam and acylated ε-NH 2 group [36, 37] . It was found that, in an aqueous solution and at a temperature between 150 and 170°C, the formation of α-amino-ε-caprolactam was greatly favoured, with evolution of water [36] . The stability of a 7-membered lactam ring is well known, especially as the nitrogen atom within the ring is able to provide an empty π-orbital to allow aromatic stabilisation. It is possible that, with gentle heating to 350 K as carried out in the present experiment, the condensation of lysine species on top and at the edge of the Ni islands is catalysed by the metal, under UHV conditions, to form α-amino-ε-caprolactam. Vibrational spectroscopy at elevated temperatures would help to verify if such a process was occurring. Unfortunately, we are unable to carry out temperature dependent RAIRS experiments on our system. After annealing to 380 K, no molecular structures could be detected between the residual Ni clusters. Our TPD measurements (supplementary information; Fig. S1 ) indicate that multilayers desorb at just above room temperature from the Ni/Au surface. This is consistent with the study by Cheong and Gellman of (S)-lysine on Cu{100}, where multilayer desorption is initiated at just above 300 K [38] . Decomposition/desorption of the Ni(lysinate) 2 complexes occurs by 380 K and a further decomposition and desorption of lysine (presumably from the Ni clusters) occurs at~450 K. Fig. 4a shows an STM image of 0.10 ± 0.05 ML Ni/Au{111} surface which displays the characteristic growth of two-dimensional Ni clusters at the elbows of the Au{111} herringbone reconstruction [12] . Fig. 4b shows an STM image of the same surface following exposure to 1800 s (S)-lysine at 300 K. It is immediately apparent that neither Ni clusters nor any direct evidence of molecular ordering is observed. The stepedges of the Au{111} surface have undergone restructuring in a similar manner to that observed following lysine adsorption on Au{111} [16] . The disappearance of the Ni clusters mirrors the behaviour observed following the adsorption of glutamic acid onto Ni/Au{111} by Trant et al. [14] when it was reported that the corroded Ni became locked into (a) (
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[101] one-dimensional chains consisting of amino acid complexes of nickel [14] . No evidence was found for the formation of any complexes or ordered molecular arrangements under these conditions. This lends further support to the fact that the self-assembled structures contain Ni. The surface coverage of lysine is limited by the amount of nickel which can be corroded from the clusters. If insufficient nickel is present, the ultimate coverage of nickel lysinate is not sufficient to saturate the monolayer and the complexes produced are presumably too mobile to be imaged at 300 K. Despite no ordered molecular arrays being identified under these conditions, considerable evidence was found for the restructuring of the Au surface induced by (S)-lysine adsorption. In particular nanofingers were observed to grow away from the step edges and onto the Au terraces. The growth direction of the long dimension of the nanofingers makes an angle of~10°with the 101 h i direction of the Au surface (Fig. 2b) . This direction is approximately consistent with the (7, − 2) vector of the ordered structures shown in Fig. 2b , which makes an angle of 16°with the 101 h i direction. It is well established that the facet directions induced by molecular adsorption tends to be determined by optimising interactions between step atoms and the molecular species [15, 38, 39] . In the present study it would make sense for nanofinger growth at 300 K to be related to the orientation of nickel lysinate species that is dominant at 300 K as was found to be the case when similar nanofingers were observed following lysine adsorption on Au{111} [16] .
The mechanism of formation of self-assembled arrays of nickel lysinate is as follows. Initial adsorption occurs on the Ni clusters. Atoms at the edges of Ni clusters are easily oxidised and removed from the clusters by lysine. However, adsorption of lysine on the centre of Ni clusters stabilises the clusters such that there exists a threshold cluster size above which the cluster survives the etching process albeit reduced in size. Nickel lysinate complexes are able to self-assemble into two ordered arrangements. One arrangement (b7 − 2 | 1 2N) is stabilised by intermolecular H-bonding between the terminal amine groups in an essentially flat lying geometry. The second arrangement (b6 − 2 | 2 4N) is formed at elevated temperatures. This structure has a higher molecular density and is believed to form at higher temperatures via the reorientation of the aliphatic backbone of lysine to reduce the surface footprint. At low Ni coverages, clusters are completely destroyed. The lack of ordered structures observed under these conditions is likely to be associated with the inability to lock nickel lysinate complexes into two dimensional arrays owing to their high diffusion rates. Rearrangement of step atoms into chiral nanofingers is facilitated by the molecular species. It is likely that the direction of nanofinger growth is closely associated with the preferred surface orientation of nickel lysinate complexes.
The ability to 'spill over' nickel lysinate species onto Au surfaces with a high degree of control over the supramolecular assembly has potential to be adapted in bimetallic catalytic systems. Long range order of chiral modifiers has the potential to supply unique active sites for reactant molecules. Disordered, dense structures of amino acids on metal surfaces are less desirable as they fail to supply reactant molecules with uniform active sites. The heterogeneity of active sites available at solid surfaces has long been blamed for the lack of control over heterogeneous enantioselective processes.
Conclusions
The templating of a Au{111} surface with 2D nanoclusters of nickel causes an order of magnitude increase in the sticking probability of (S)-lysine at 300 K. For clusters containing a high ratio of edge to centre atoms, lysine is able to completely destroy the Ni clusters presumably via the oxidation of Ni atoms at the edges of clusters. Ni clusters with larger diameters become smaller, but survive the etching process due to becoming covered in chemisorbed zwitterionic lysine. In between the residual clusters, molecular features are observed to self-assemble into globally chiral b7 −2| 1 2N islands at 300 K and a more dense arrangement b6 −2| 2 4N at 350 K. These ordered arrays are constructed from self-assembled nickel (S)-lysinate complexes. We conclude that the higher density structure is formed via the reorientation of the aliphatic backbone of lysine to decrease the surface footprint of the metal organic complex. The nickel lysinate species decompose and/or desorb by 380 K. Adsorption of (S)-lysine onto Ni/Au{111} causes extensive etching of Ni. At low Ni coverages, where complete destruction of clusters is observed, no long range molecular ordering is observed at 300 K presumably due to the high mobility of the complexes at this temperature. Restructuring of steps results in the formation of nanofingers whose growth directions are chiral and are believed to be determined by the preferred orientation of nickel lysinate species on the Au surface.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.susc.2014.03.026.
